flagger work zone safety mirrors vehicle backing intrusion
INTRODUCTION
An increased interest in flagger safety has lead to a need to investigate the use of mirrors by construction flagging personnel to increase their awareness of objects approaching from behind. The Washington State Legislature passed the Kim Vendl bill, named for a 45-year-old woman who was struck from behind and killed by a dump truck while flagging at a construction project. The bill lead to the adoption of temporary worker safety rules that took effect on June 1, 2000, and was then followed with permanent rules. Added to the current rules governing the safety of flaggers, the new performance requirements do not specify an approach that must be used but provide example methods. The following is an excerpt from the Washington adminstrative code [1] :
Adequate warning of approaching vehicles. Employers must: ... [p] osition work zone flaggers so they are not exposed to traffic or equipment approaching them from behind. If this is not possible, then the employer, responsible contractor, and/or project owner must develop and use a method to ensure that flaggers have adequate visual warning of traffic and equipment approaching from behind. ... The following are some optional examples of methods that may be used to adequately warn or protect flaggers:
• Mount a mirror on the flagger's hard hat.
• Use an observer.
• Use "jersey" barriers.
One of the easiest methods to potentially warn flaggers would be to use a mirror, but their effectiveness is unknown. Mirrors have long been used in automobiles to enhance automobile driver's ability to view his or her environment. Their size, optical properties, and placement are all regulated. Because of these regulations, and along with their importance in enhancing visibility, numerous studies evaluating the use of mirrors have been conducted. Although the use of mirrors by automobile drivers and flaggers is different, the main issues are still the same: field of view (FOV), image location, magnification, perception of objects, ease of use, and other human factors considerations. Little, if any, research has been done on the use of mirrors by flagging personnel. There are two basic configurations flaggers may adopt for mirror placement: helmet and flagpole (or wrist) mounting.
Traditionally, plane mirrors have been used for the center-mounted, rear-view mirror and the driver's side, side-view mirror. To increase the drivers' FOV, convex mirrors are currently being used on the passenger-side, side-view mirrors. This increase in FOV caused by the use of convex mirrors comes with a cost, however. Images appear to be farther away than they really are. This phenomenon is called overestimation because drivers will sometimes make lane changes believing that the vehicle in the next lane is farther back than it really is. Flannagan, Sivak and Traube found that the degree of overestimation increased with a decreased radius of curvature (ROC) [2] . This is an important relationship because as the ROC of a mirror decreases (the mirror becomes more convex), its FOV increases, as does the degree of overestimation. With this inverse relationship, it is critical to find an optimum ROC for convex mirrors that balances the effects of overestimation with an increased FOV.
In another study, Flannagan, Sivak, Schumann, et al. studied the effects of overestimation versus the distance from the mirror to the viewer's eye [3] . Results showed that the driver looking at the passenger-side, convex side-view mirror made mistakes in perceived distances that were twice as great as those made by a driver looking in the driver-side, convex side-view mirror. The importance of this study was that the results suggested that the closer the eye was to the mirror, the smaller the degree of overestimation.
Burger, Mulholland, Smith, et al. conducted a study on the optimization and evaluation of different ROC convex mirrors to find an optimal convex mirror for use in passenger vehicles, light trucks, and vans [4] . Their experiments were semidynamic; the subjects sat in a stationary vehicle and performed several tasks, including making distance and placement judgments on vehicles approaching from behind. After studying 0.508, 1.016, 1.397, and 2.032 m ROC convex mirrors and rating them according to drivers' performance as well as drivers' preference, they chose the 1.016 and 1.397 m ROC mirrors for further study.
Flannagan, Sivac and Traube examined perceptual adaption to convex rear-view mirrors and found that overestimation of object location decreased rapidly after training, but never reached that of plane mirrors [5] . Different types of training were not investigated, but it was found that the learning occurred quickly when the subjects were given feedback on their accuracy.
Rowland, Silver, Volinsky, et al. investigated the use of convex mirrors by farsighted people (hyperopia) [6] . They found that people with hyperopia might not be able to focus on images in convex mirrors. Their study showed that increasing the convexity of mirrors increased this problem. The reason for this was that the image location got closer to the mirror as the ROC decreased. The researchers also noted that because of their optical qualities, glare was not a problem when convex mirrors were used.
Seeser went further with his study of hyperopia and stated that the changes in the eye that caused hyperopia began to level off around the age of 55, with the near point focus ranging from 0.800 to 1.999 m (average of 1.001 m) [7] . On the basis of his findings, Seeser recommended that convex mirrors of 0.762-2.032 m ROC be used with caution. For the automobile drivers' left side-view mirror placement he recommended a convex mirror with a radius of 1.524 m be placed 1.270 m forward of the driver. This study also highlighted other important issues associated with mirror use. One of these was the quality of mirrors. Mirror imperfections, such as multiple ROCs, dimples on the surface of the mirror, and poor surface finish quality could all affect the perception of images by the viewer.
Sugiura and Kimura studied different side-view mirrors on passenger cars [8] . Their experimental subjects were Japanese drivers who had considerable experience in using convex mirrors. They evaluated mirrors ranging from plane to 0.305 m ROC for judgments of distance, speed, and motion perception. They concluded that mirrors with 0.889-1.194 m ROC were the most preferable side-view fender mirrors in Japan.
Most of the information presently available regarding the use of convex and plane mirrors for increasing one's FOV comes from studies involving their use in automobiles. Although some of this information is useful, the nature of a flagger's job is different from that of an automobile driver. One must be very careful in applying the data taken from automobile studies and applying it to the current study. Standard flagging practices must be taken into account so that the use of mirrors does not distract flaggers from their primary responsibilities, which usually take place in front of them as opposed to behind them.
This report summarizes research done to evaluate potential uses of mirrors to help flaggers increase their awareness of their surroundings.
FOVs, magnifications, and image distances for several mirrors under a variety of scenarios, both using proper and improper flagging technique, are evaluated. Also discussed are some human factors issues that may require additional study. The report concludes with a recommendation of mirror type and placement that may be used by flaggers in conjunction with standard flagging practices.
METHOD
One helmet-mounted (HM) and five flagpolemounted (FPM) mirrors were studied using computer-aided design (CAD) technology ( Figure 1 ). The FPM mirrors were all 0.076 m in diameter and mounted at eye level on the flagpole. The ROC used for the FPM were 0.508, 0.660, 1.016, 2.032 m, and infinite (for a plane mirror). The mirror was always placed at a distance of 0.61 m from the eye(s). The HM mirror used was 0.038 m in diameter and had an infinite ROC. The mirror was located at eye level and was mounted on an arm that extended 0.089 m from the eye. In determining the dimensions of the human body, average values were taken from Woodson, Tillman and Tillman [9] .
To find the FOV (Figure 2 ), image distance, and magnification values ( Figure 3 ), a drawing technique that follows the law of reflection was used. The law states that when dealing with light rays and mirrors, the incident ray, the reflected ray, and the line normal to the surface of a mirror all lie in the same plane, and the angle of reflection equals the angle of incidence [10] . CAD software (AutoCAD 2000, Autodesk, Inc., USA) was used for all the scenarios and provided the numerical values for FOVs, angles of mirrors and arms, and object and image locations and sizes. United States Customary System units 1 were used in the study and the results have been converted to SI units herein.
The mirror equation relating image (i) and object (o) distances to the focal point of a mirror 
This equation provides an estimate of the values because its derivation uses the smallangle approximation, which states that the sine or tangent of an angle is equal to the angle, at small angles. In the present study, this meant that the farther away an object was from the optical axis of the mirror, the larger the error in the mirror equation.
The magnification (m) of the object can be estimated using Equation 2; here h i is the height of the image and h o is the height of the object (image and object distances can also be used in this equation): (2) In determining the magnification, the values used for h i and h o were taken directly from the CAD drawings unless otherwise noted. Of note here is that spherical convex mirrors are not perfect mirrors due to many factors, including spherical aberration; perfectly spherical mirrors do not bring all rays parallel to the axis, to a single image point as expected by theory. Thus the image is somewhat blurred and does not exist at one exact point. Therefore, the image location found using AutoCAD was not exact, but the error in this experimental setup was so small that it was believed to be insignificant for the purposes of this study.
Different arm angles, θ, were tested to show how the FOV changed in relation to the positioning of the mirror around the body. Monovision (viewing with one eye) was used for 0°, 45°, and 90° positions and binocular vision was used for the binocular 45° arm positioning. Zero degrees corresponds to an arm position that is straight forward of the flagger and 90° represents the positioning when the flagger is holding the Two basic scenarios were utilized in the graphical analyses. The first scenario was set by the ability to see a point 3.05 m directly behind the mirror (Figure 2 ). This configuration put the same constraints on all mirrors used and allowed for a direct comparison of the FOVs and image information obtained from the graphical analysis. In addition, this scenario was easily applied to real-life situations and allowed for a comparison of data collected from the graphical analysis with those from real life. The angles θ (angle of flagger's or mirror arm from forward) and α (angle of mirror from forward) were set and φ (angle of FOV) (Figure 1 ) was determined and documented to give the reader an understanding of the relationship between the eye, mirror, and FOV. The second scenario was set by a 15.24 m radius around the flagger bound to the left and right by 45° angles behind the flagger (Figure 4) . A vehicle initially 15.24 m away and traveling at 16.1 km/h (10 mph) would give a flagger ~3.4 s to react before they were struck. At these bounds, the FOV was calculated to show the observable views at locations not directly behind the flagger. It is important to note that image distances were measured from the mirror to the image. To calculate the distance from the flagger's eye(s) to the image for the FPM, one had to add 0.61 m. For the HM, 0.089 m had to be added.
Field
o arm angle from forward was also tested. Notes. Results converted from United States Customary System units; θ-angle of arm from forward, ф-angle of FOV, FPM-flagpole-mounted, ROC-radius of curvature. *-These are possible angles flaggers can set the mounting arm at. In all of these cases, the mirror is adjusted so that the flaggers can see the edge of their ear. **-This angle corresponds to flaggers being able to see a spot 3.05 m directly behind them.
RESULTS
greater for the low ROC mirrors, but the HM plane mirror had a relatively high FOV because it was mounted close to the eye. Table 2 shows the image distance and height obtained from the graphical analysis of a 2.13 m object located on the optical axis at distances of 4.57, 15.24, and 30.48 m from the mirror. This graphical analysis does not take the potential of the flagger blocking the view into account and is only a function of the mirrors themselves. Note that the objects are directly on the optical axis and the images are located behind the mirror. Table 4 shows the results of the field testing of the 0.66 m ROC FPM and the HM as compared to the FOVs obtained from the graphical technique.
Results from the field tests were comparable to the results obtained from the graphical method for both the FPM and HM mirrors. Note that the field testing was rudimentary and the data obtained from it are used only to semiquantitatively verify the results obtained from the graphical method.
DISCUSSION
The graphical experiments showed that as one decreases the ROC of a mirror three things happen: the FOV increases, the image size decreases, and the distance from the image to the eye decreases. At the same distance from the eye as a convex mirror, a plane mirror has a smaller FOV, but the image is larger and is located farther from the eye, making it easier to focus upon. When the plane mirror is brought up close to the eye, as in the HM mirror, the FOV increases greatly while not altering the image size. When using the FPM, if the flagger's arm is moved from straight ahead to a 90° angle, the FOV decreases by about 20%. Notes. Results converted from United States Customary System units; θ-angle of arm from forward, ф-angle of FOV, FPM-flagpole-mounted, ROC-radius of curvature, HM-helmet-mounted.
To simplify the analyses, most simulations were conducted with monocular vision. When binocular vision is compared to monocular vision at an arm angle of 45°, the FOV increases by 30-90%, for 0.508 m ROC to infinite ROC, respectively. When viewing an object located off of the optical axis, the FOVs are similar to the left and right, with the left FOV being slightly larger.
To get an understanding of image quality and to validate the graphical calculations of the FOV, the investigators looked at a vehicle ~2.13 m wide and 3.05 m high (the size of a small construction vehicle) 4.57, 15.24, and 30.48 m behind them. The first trial involved a 0.66 m ROC mirror used in the FPM position with the arm angle at 45° and the flagger employing binocular vision. The second trial employed a flagger using the HM position with a 0.038 m plane mirror with the mirror arm located at a ~30° angle. In both trials the investigator reported that the objects were clearly visible, easily recognizable, and that he felt comfortable in determining the location of the vehicle. It should be noted that the image quality issues could vary from one person to another depending upon many factors such as eyesight and age. The FOV measurements made in the field were very similar to those calculated graphically.
One practical issue that arose during the field study was that when the HM mirror was used with eyeglasses, the frame partially interfered with the line of sight from the flagger's eye to the mirror. Given that flaggers may wear glasses (sunglasses, bifocals, eye protection, etc) while flagging, more research and testing should be conducted to determine if this interference is significant or if there are better mirror mounting positions available.
Another issue involving the use of convex mirrors is the image distance. If a worker holds a convex mirror at arm's length, the image forms 0.305-0.914 m behind the mirror, depending upon the mirror's ROC. Some workers with farsightedness would not be able to focus on an image located close to them without putting on reading glasses. The average 55-year-old male can focus on an object ~0.991 m from his eye [5] . With a 0.61 m arm length, the minimum image distance from the mirror would be 0.381 m, which would eliminate both the 0.508 and 0.660 m ROC mirrors for this population of workers.
Convex mirrors also have the disadvantage of making images appear farther away than they really are. This is an undesirable attribute for a mirror in this situation. Another serious issue in using a convex mirror for flagging is the proper flagging method: flaggers should hold the pole out to the side at 90° and have their attention in the forward direction. A mirror in this position requires the flagger to turn their head to look at the mirror, which takes their attention away from the oncoming traffic. To add to this problem, if the flagger were to scan their environment with the mirror by rotating it back and forth, the sign movement may confuse drivers. Having the mirror at the 90 o arm position also reduces the flagger's FOV from its optimum location of straight forward. With the mirror at arms' length to their side, it would be difficult for a flagger to perceive moving objects, unless they were looking directly at the mirror. Further investigation is needed to determine the ability of flaggers to attend to potential visual stimuli from the mirror and from oncoming vehicles or activity. Issues surround selective attention and the ability to attend to two different visual stimuli simultaneously, so this is a serious consideration for application. The ability to separate the visual stimuli may be improved if the two are very different in appearance, which may not be the case with moving vehicles on a work zone [11] . Generally, moving objects toward the edges of the FOV may be perceived while attending to stimuli toward the center of the FOV, though sometimes not consciously [12] . However, these issues need to be further addressed in flagging operations to determine the human performance limitations in the application of flagging mirrors in different work zone configurations.
The HM plane mirror presents the flagger with an image distance equal to the object distance, no distance distortion, and allows a flagger to scan for vehicles coming from behind without as much distraction from the oncoming traffic. The HM mirror's FOV is better than most of the convex mirrors' using monocular vision, but is similar to or better than the 1.016 m or larger ROC mirrors using binocular vision.
The assumptions for this study include, but are not necessarily limited to, the distance from the flagger's eye to the mirror for the FPM setup is always 0.61 m; no part of the body interferes with the FOV; the eye, mirror, and object are all located on the same plane; the optimum placement for the HM mirror is 0.089 m from the eye (as advised by a bicycle HM mirror manufacturer); and an average construction vehicle is 2.1 m wide. For simplicity, only twodimensional drawings were made. Since the assumption is made that flaggers and the objects they will be viewing in the mirror all lie on the same plane, it is believed that two-dimensional space is adequate. It is expected that the only assumption to have much impact on the results is that no part of the body interferes with the FOV. It is likely that with the second scenario, when scanning behind and to the left of them, the flagger's body would block part of their view.
CONCLUSIONS
We found that although convex mirrors offer larger FOVs, plane mirrors are similar to convex mirrors as they are brought in closer to the eye, as in a HM mirror. Studies show that a 0.038 m HM plane mirror performs very similarly to a 0.076 m diameter, 0.508 m ROC convex mirror when using proper flagging practices. Given that image perception is a problem with small ROC convex mirrors and that it is difficult for a flagger to view the FPM mirror and keep an eye on the traffic in front of them, HM mirrors have been found to be the best option for flaggers. This study also uncovered some human factors considerations, including the interference of eyeglasses with vision, which should be studied regarding flaggers' use of HM mirrors. Also, it should be understood that different flagging situations may require different mirror placements, where one option may be better under one situation but not under another.
Prior to using any type of mirror, it is recommended that flaggers practice aligning, spotting objects, and judging distances and speed with them. The use of mirrors should always be used in conjunction with an appropriate traffic control plan and additional safety controls including physical barriers and others whenever possible.
There are many human factors issues that should be further investigated. Some of these are the detection of motion, attending to two concurrent visual stimuli, the body and head positioning, the required mirror quality, the role of vision deficiencies, day versus night use, the ability to perceive objects, and perception and reaction times. Further evaluations of mirrors should be conducted for flagging to develop more precise recommendations for their applicability in different work conditions before they are implemented in work zones.
